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Abstract 


A novel (La,Sr)(Cr,Mn)O3/(Gd,Ce)O2_; (LSCM/GDC) composite electrode is developed and applied as solid oxide fuel cell (SOFC) anode 
for direct oxidation of methane. The optimum composition of the composite anode is 33 wt.% LSCM and 67 wt.% GDC. At an output current 
density of 0.5 Acm~’, the overpotential of the anode in wet H) and CH, at 850°C is 0.073 and 0.248 V De, an anodic resistance of 0.146 and 
0.496 Q cm’), respectively. The oxidation of CH4 on the composite anode is primarily studied by means of electrochemical impedance spectroscopy 
under different temperatures and a dc bias. The stability of the LSCM/GDC composite anode is evaluated under different current loadings in wet 
CH; at 850°C for 50h. The results show that the developed LSCM/GDC composite anode has high stability in CH, fuel and possesses good 


electrochemical performance that is comparable with a Ni cermet anode. 


© 2006 Elsevier B.V. All rights reserved. 
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1. Introduction 


Advances in electro-ceramics, such as ionic conductors and 
electronic/ionic mixed conductors, are critical to the develop- 
ment of solid oxide fuel cell (SOFC) technology. The advantages 
of SOFCs over other types of fuel cell reside in the following: (i) 
flexible selection of fuels, i.e., hydrogen, natural gas, bio-gas and 
liquid hydrocarbons; (ii) diminished electrolyte-management 
problems because of the use of ceramic components; (iii) toler- 
ance to poisonous gases, i.e., CO and H2S. Although hydrogen is 
the most appropriate fuel for SOFC to achieve high performance, 
it can only be obtained through reforming of hydrocarbons, elec- 
trolysis or photo-electrolysis [1-3]. Economically, it is ideal 
to use any hydrocarbons directly instead of being converted to 
hydrogen as the fuel for SOFCs. Methane, as the simplest com- 
pound among the hydrocarbons, is one of the most preferred 
hydrocarbons and is abundant in the form of natural gas. 

Nickel is a good anode material for SOFCs, but the forma- 
tion of coke during direct reforming makes it unattractive. A 
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high molar steam-to-methane ratio has to be used to prevent 
possible coke formation at the Ni/YSZ anode and this causes 
dilution of reformed hydrogen. Many researchers have focused 
their studies on the internal reforming and the stability of the 
SOFC anode in methane fuel [4-10]. A major challenge for the 
direct use of methane is to suppress carbon deposition at the 
anode. Currently, two alternative anodes, i.e., Cu-based cermet 
and perovskite materials, have been developed as Ni-free SOFC 
anodes that can directly operate in hydrocarbon fuels with per- 
formances comparable with that of nickel cermet. Gorte and 
co-workers [11-13] has published a series of papers on the use 
of Cu-ceria cermet to avoid carbon deposition in the hydrocar- 
bon fuels at operating temperatures in the range of 500—700°C. 
Lanthanum chromites (LaCrO3) have been intensively investi- 
gated as interconnects for SOFCs due to their stability in both an 
oxidizing and a reducing environment at high operating temper- 
atures. Substitution of alkaline earth ions (Mg, Ca, Sr) into the 
A-site of LaCrO3 can enhance the electrical conductivity by two 
orders of magnitude [13]. Introducing transition elements (Cu, 
Mn, Fe, Ti, Ni, V) into the B-site of the LaCrO3 can improve 
the catalytic activity and ionic conductivity [14-17], parameters 
that are crucial for the perovskite anode to oxidize hydrocarbons, 
electrochemically. 


X.J. Chen et al. / Journal of Power Sources 165 (2007) 34-40 35 


A series of Sr-doped lanthanum chromites with introduction 
of transition elements at the B-sites has been investi- 
gated as SOFC anodes. The Lao.7Sro.3Cro.gTio.203 [18] and 
Lag.gSto.2Cro.97 Vo.0303+5 [19] have been studied and found to 
have anode polarization resistances around 40 and 2.1 Q cm? 
in wet H2 at 850°C, respectively. The anode polarization resis- 
tance of another perovskite, Lag.75Sto.25Cro.5Feo.5O3 (LSCrF), 
has been reported to be 1.15 Q cm? in wet Ha at 850°C [17]. 
The observed performance of the above materials is not com- 
parable with that of the state-of-the-art Ni cermet. Recently, 
Tao and Irvine [20] investigated a (La,Sr)(Cr,Mn)O3 (LSCM) 
anode, which is chemically stable in a natural gas or methane 
environment and has comparable performance with nickel/YSZ. 
The polarization of the Lag.75Sro.25Cro.5Mng,503/YSZ compos- 
ite anode was reported to be 0.26 and 0.87 Q cm? in wet Ha and 
CH; with a graded anode at 900 °C, respectively. Liu et al. [21] 
have developed a Ceo.9Gdọo.101.95 electrolyte-supported single 
cell using LSCM—GDC-Ni as the anode [21]. A maximum 
power density of 0.16 and 0.12 W cm7? was achieved at 750°C 
in H and C3Hg fuels, respectively. The best electrochemical 
performance shown by the perovskite with Mn substitution at 
the B-site may be attributed to the ability of Mn to accept lower 
coordination numbers in perovskite and to the p-type conduction 
of Mn, that results in mixed electronic/ionic conduction. 

The Sr-doped lanthanum chromites are quite stable in hydro- 
gen and hydrocarbon fuels. Nevertheless, success in applying 
the perovskite materials as anodes in SOFCs depends on the 
level of performance that the perovskite anode can achieve. 
Besides the characterstic properties of the materials, e.g., cat- 
alytic activity, electrochemical activity, ionic and electronic 
conductivity, the microstructure of the anode also plays an 
important role in seeking an improvement in performance. 
The use of materials with fine particle size can dramatically 
increase the ionic-electronic-fuel three-phase-boundary and thus 
greatly enhance the efficiency of the anode. This study con- 
cerns the development of a high-performance GDC/LSCM 
composite anode for the direct oxidation of methane. The 
Lao.75 Sro.25Sro.5Cro.50O3 powder is synthesized through a com- 
bined citrate and EDTA complexing method and then applied to 
the composite anode. 


2. Experimental 


Discs of yttria-stabilized zirconia electrolyte (YSZ) were 
prepared by uniaxially compacting pressing of 8 mol% yttria- 
stabilized zirconia powder (Tosoh Corporation, Japan) at a 
pressure of 50 MPa and then sintering at 1550°C for 2h. The 
sintered YSZ electrolyte disc was 1 mm in thickness and 18 mm 
in diameter. The Lao.75Sro.25Cro.sMno.sO3 perovskite powder 
was synthesized through a combined citrate and EDTA com- 
plexing method, a flowchast of the procedure is given in Fig. 1. 
The chemicals, Cr(NO3)3-9H20O, Sr(NO3)2, Mn(NO3)2-4H20, 
La(NO3)3-6H20, EDTA, and citric acid, were all obtained 
from Sigma-Aldrich. Necessary amounts of Cr(NO3)3-9H20, 
Sr(NO3)2, Mn(NO3)2-4H20, La(NO3)3-6H20 were dissolved 
in EDTA-NH3-H20 solution under heating and stirring. When 
all the nitrates had dissolved, an appropriate amount of cit- 
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Fig. 1. Flowchart of LSCM powder synthesis. 


ric acid was introduced at a molar ratio of EDTA acid:citric 
acid:total metal ions of 1:1.5:1. After condensation of the solu- 
tion, a dark purple gel was formed. The gel was then heated 
at 130°C for several hours to form a powder precursor, which 
was then calcined at 800°C for 5 h to obtain the LSCM powder. 
X-ray diffraction (XRD) patterns of Lao.75 Sro.25 Cro.sMno.5 03 
powders synthesized by a solid-state reaction and the sol-gel 
method, given in Fig. 2. The peaks for the powder synthesized 
by the sol-gel method are much wides than those for powder 
obtained by a solid-state reaction. This indicates that the former 
route produces a finer particle size. From the XRD results, it is 
confirmed that the synthesized powder has a perovskite struc- 
ture with the phase composition being same as that obtained by 
Tao and Irvine [22]. For the solid-state reaction, a calcination 
temperature higher than 1100°C is required for the formation 
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Fig. 2. XRD patterns of LSCM powder synthesized by (a) solid-state reaction 
(pre-sintered at 1300 °C for 10 h) and (b) sol-gel method (pre-sintered at 800 °C 
for 5h). 
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of the perovskite phase [22]. In the present study, the perovskite 
phase is formed at a calcination temperature as low as 500°C 
when using a gel precursor. This may be attributed to the forma- 
tion of a homogenous multicomponent gel without any phase 
segregation during the processing. Thus, the fine grain size of 
the LSCM powder produced by the sol—gel method is expected 
because of the low calcination temperature. 

The LSCM and GDC powders (from NexTech with an 
average particle size of 50nm) were mixed intimately with 
polyethylene glycol 400 to form a slurry, which in turn 
was screen-printed onto the YSZ electrolyte surface and 
then sintered at 1000°C for 2h in air to produce the 
(La,Sr)(Cr,Mn)O3/(Gd,Ce)O2_5 composite anode. The thick- 
ness of the anode after sintering was around 50 um and the 
surface area was 0.5cm?. Platinum paste was coated on the 
other side of the YSZ electrolyte to serve as the counter and 
reference electrodes, followed by sintering at 1000°C for Lh. 
During experiments, the counter and reference electrodes were 
exposed to air, while the anode was exposed to a wet methane (or 
wet hydrogen) atmosphere. The electrochemical measurements 
were performed on the composite anode in wet H2 and CH4 
over a temperature range of 700—900 °C by means of impedance 
spectroscopy and current-voltage (Vi polarization (Autolab, 
Netherlands). The applied frequency was 0.01-10° Hz with an 
ac amplitude of 10mV. Scanning electron microscopy (SEM, 
JOEL 350, Japan) was employed to observe the microstructure 
of the LSCM-—GDC composite anode. 


3. Results and discussion 
3.1. Performance of LS;CM—GDC composite anode 


The performance of a composite electrode is strongly related 
to parameters, such as particle size, pore size, porosity and the 
volume ratio of the ionic and electronic conductors. Simula- 
tion results for LSM/YSZ composite cathodes have shown [23] 
that there exists an optimum volume ratio of LSM and YSZ 
in the composite cathode for certain particle sizes of the two 
components. For experimental convenience, the weight ratio in 
this study was chosen to optimize the LSCM/GDC composite 
anode. Due to the pseudo-inductive behaviour at low frequency 
of the impedance in wet CH4 at a temperature of 850°C (see 
Fig. 5(b) later), the electrode resistance at 0.5 V was used as 
a reference parameter to optimize the composite anode. The 
electrode resistance can be obtained as: 

R OCV — 0.5 R 

p = T €> 

where J is the current density of the anode at 0.5 V, and Rp and 
Re are the electrode resistance and the electrolyte resistance, 
respectively. As shown in Fig. 3(a), for changes in the weight 
percentage of LSCM from 25 to 50 wt.%, the minimum elec- 
trode resistance is 0.87, 0.65 and 0.5 2 cm? at 33 wt.% LSCM 
in wet CH4 at 750, 800 and 850°C, respectively. This is due 
to the optimized contribution of the electronic and ionic con- 
duction and the active reaction sites on the anode performance. 
Thus, the composition of the composite anode in the following 
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Fig. 3. Performance of LSCM/GDC composite anode in humidified CH4. (a) 
Electrode resistance as function of LSCM weight percentage and (b) open- 
circuit-voltage of composite anode. 


investigations, was fixed at 33 wt.% of LSCM and 67 wt.% of 
GDC, i.e., LSCM:GDC = 1:2 (w/w). 

The open-circuit voltage (OCV) of the LSCM/GDC and 
LSCM/YSZ composite anodes in wet CH4 at various temper- 
atures as shown in Fig. 3(b). The GDC has moderate reforming 
activity while the YSZ is almost inert towards CH4 steam- 
reforming. As a result, the LSCM/GDC composite is found to 
have much higher OCV than a LSCM/YSZ composite anode in 
wet CH4. Furthermore, the results in Fig. 3(b) indicated that the 
more the LSCM in the composite anode, the higher is the OCV, 
which may be due to the higher catalytic activity of LSCM with 
that of GDC. A high content compared of LSCM could promote 
the internal reforming of humidified methane in the anode and 
thus increase the open-circuit voltage. In contract to the trend 
observed with hydrogen, the OCV of the composite anode in 
humidified CH4 increases with the operating temperature, irre- 
spective of the electrode composition. The observed OCV is 
much lower than the theoretical value calculated under equilib- 
rium conditions [24] and indicates the slow reforming processes 
of humidified methane in the composite anode. A high tempera- 
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Fig. 4. (a) Polarization and (b) overpotential of LSCM/GDC composite anode 
with composition of LSCM:GDC = 1:2 (w/w) in wet H: and CH; at 850°C. 


ture is desirable for the composite anode to speed up the methane 
reforming, which results in a higher open-circuit voltage. 

The anodic polarization of the LSCM/GDC composite anode 
in wet Ha and CH4 was measured with respect to the air 
solidus Pt reference electrode. As shown in Fig. 4(a), the 
OCV of the composite anode in wet H? and CH: at 850°C 
is 1.076 and 1.003 V, respectively. The value in wet CH4 is 
much lower than the corresponding theoretical value of 1.32 V 
(calculated at gas composition of 3% H20/97% CH4) [24] and 
this shows that the LSCM/GDC composite anode has very poor 
steam-reforming activity towards CH4. The polarization curve 
oscillates in wet CH4. This phenomenon was also observed on 
GDC-impregnated LSCM anodes [25] and was attributed to the 
high surface-exchange properties for oxygen on doped CeOz, 
and to possible synergistic processes involving the injection of 
mobile charged oxygen surface species to and from the GDC 
ionic carrier. The composite anode displays much higher perfor- 
mance in wet H: than in wet CH4. At0.5 V (with respective to the 
air Pt reference electrode without ohmic compensation), output 
current densities of 0.77 and 0.48 A cm7? are observed in wet 
H: and CH4, respectively. After compensating for the electrolyte 
ohmic loss and removing the OCV of the polarization curves in 
Fig. 4(a), one can obtain the overpotential vs. current density 
relationship (shown in Fig. 4(b)) of the LSCM/GDC composite 


anode in wet H2 and CH4. The results demonstrate the promising 
performance of the LSCM/GDC composite anode. At an output 
current density of 0.5 A cm". the overpotential in wet H: and 
CH; at 850 °C is 0.073 and 0.248 V (.e., an electrode resistance 
of 0.146 and 0.496 Q cm?), respectively. 


3.2. Impedance response of LSCM—GDC composite anode 
in wet H and CH4 


Experiments were performed under different operating tem- 
peratures and a de bias in order to elucidate the oxidation 
reactions of wet Ha and CH4 on the LSCM/GDC composite 
anode. The resulting impedance spectra as a function of oper- 
ating temperature are presented in Fig. 5. Though the absolute 
values are different, two depressed semi-circles can be observed 
in the impedance spectra obtained in wet H2 and CH4. These 
can be fitted to an equivalent circuit of Re.RyQy)(RLQL), where 
Re is the resistance between the anode and the reference elec- 
trode, and (nn) and (RLOL) correspond to the high and low 
frequency arc, respectively. Hydrogen oxidation on a nickel elec- 
trode is well understood and is generally considered to involve 


0.25 
o 750°C In wet H, 
o 800°C 
0204 A 850°C 
"e 0.15 
O 
ei 
N 0.140 
0.05 
0.00 
(a) 
In wet CH, 
“E 
O 
Gq 
A A en 
05 10 15 20 25 30 35 40 45 
(b) Z', Q cm? 


Fig. 5. Impedance responses of LSCM/GDC composite anode in (a) wet H: and 
(b) wet CH4 under different operating temperatures. 
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gas diffusion, dissociation/adsorption of H2, surface diffusion 
of the adsorbed species to the triple-phase-boundary (TPB), 
charge-transfer at the TPB and formation of water with the 
oxygen ions transported through the electrolyte. Several steps 
could be rate-determining depending on material properties and 
microstructure, atmosphere, temperature and current density. 
Jiang and Badwal [26] proposed the following reaction mecha- 
nism for hydrogen oxidation on a nickel electrode: (i) hydrogen 
dissociation is very fast at the SOFC operating temperature; (ii) 
surface diffusion and charge-transfer are the rate-determining 
steps; (iii) produce water can speed up the surface diffusion 
via a spillover mechanism. Unfortunately, this mechanism can- 
not explain the negative activation energy observed for the 
low-frequency arc. It has been reported [27] that the surface 
adsorption of chemical species on the metal surface is very weak 
and decreases with increasing temperature, as can be explained 
by gas kinetic theory. A similar explanation can be applied 
to the LSCM/GDC composite anode, namely: the higher the 
temperature, the lower is the surface adsorption on the LSCM 
(or GDC) particle surface. As a result, the actual concentration 
of adsorbed species at elevated temperature is likely to be the 
rate-determining step for H2 and CH4 oxidation. 

When the LSCM/GDC composite anode is exposed to a 
wet CH4 atmosphere, typical pseudo-inductive behaviour is 
observed in the low-frequency arc at an operating temperature 
of 850°C (Fig. 5(b)). The impedance in the frequency range 
of 1-0.01 Hz appears as a large arc in the first quadrant and a 
small arc in the fourth quadrant. The large low-frequency arc and 
the pseudo-inductive behaviour of the impedance in wet CH4 is 
similar to that observed for a direct methanol fuel cell (DMFC) 
[28,29], which suggests that some intermediate species may be 
produced at temperatures above 850 °C and subsequently poison 
the LSCM anode when CH; is used as the fuel. At present, we are 
unable to provide a convincing explanation for such behaviour. 
Mass spectroscopy and gas chromatography will be employed in 
future studies to measure the composition of the anode exhaust 
gas and these by elucidate the origin of the phenomena observed 
in Fig. 5(b). 

Impedance spectra of the LSCM-—GDC composite anode 
in wet CH4 under de bias are shown in Fig. 6. Both low- 
frequency arcs (one in the first quadrant and the other in the 
fourth quadrant in the frequency range of 1—0.01 Hz) decrease 
abruptly with increase in dc bias, whereas the high-frequency arc 
(from 10 kHz to 1 Hz) remains almost unchanged. The pseudo- 
inductive behaviour appearing at all the measured potentials 
suggests that at least two or three adsorbed intermediates are 
involved in the competing electro-oxidation processes that are 
taking place on the anode. If the large low-frequency arc is 
attributed to poisoning by some intermediates that are formed 
at a temperature above 850°C in wet CH4, the changes in 
impedance under dc, bias indicate that the poisoning species 
could be easily electro-oxidized under anodic polarization. No 
significant changes in impedance are found when the applied 
dc bias is higher than 200 mV, and this indicates that poison- 
ing intermediate species may dominate the anode performance 
at low anodic polarization, while other adsorbed intermediate 
species, such as Haas and CH, ads, may be present of high anodic 


6 
D Dm ne EN 
o 50mvV l 
A 100mV 
atv 200 mV 
© 300mV 
= 10. «1. 
OO 
ei 2 
N 0.1 
o 
10k 
2 
o 1 2 3 4 5 
(a) Z', Q2 cm? 
60 
4 | D Dm 
50 4 o o 50mV 
] S A 100 mV 
40 4 
] 2 v 200mvV 
30 4 e © 200 mv 


Phase angle, Degree 
E 
L 


(b) log(f), Hz 


Fig. 6. Impedance spectra of the LSCM-—GDC anode in wet CH4 as function of 
dc bias at 850°C: (a) Nyquist plot; (b) Bode plot. 


polarization. Bode plots of the impedance in wet CH: under de 
bias are shown in Fig. 6(b). The higher the dc bias, the lower is the 
phase angle in the frequency range of 1—0.01 Hz; this behaviour 
is reversed in the frequency range of 10 to 10+ Hz. The charac- 
teristic frequency in the range 1—-0.01 Hz shifts from 0.039 to 
0.158 Hz with increasing dc bias from 0 to 300 mV. The other 
characteristic frequency (corresponding to the high-frequency 
arc), 16.6 Hz, is independent of the applied dc bias. 


3.3. Stability of LSCM-—GDC composite anode under 
current loading cycles 


As shown in Fig. 7, the stability of the LSCM/GDC composite 
anode in wet CH4 at 850°C has been evaluated under different 
current loadings for an operating period of 50h. A current den- 
sity of 200 and 400 mA cm~? was alternatively applied to the 
anode at time intervals of 10h. The anode voltage was taken 
with respect to the Pt reference electrode. Except for some noise 
during the testing, the LSCM-—GDC composite anode remains 
quite stable under polarization in wet CH4. At a current den- 
sity of 200 mA cm? the anode voltage is —0.85 V at the end of 
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Fig. 7. Stability of LSCM/GDC composite anode under loading cycles in wet 
CHA at 850°C. 


the first 10h of operation, and —0.825 V after 50h of opera- 
tion. It also should be noted from the polarization curves that 
the anode is initially activated under polarization, which may be 
partially attributed to water generation under anodic polariza- 
tion that leads to high coverage of the surface with fuel at the 
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Fig. 8. Morphology of LSCM/GDC composite anode (a) before and (b) after 
50h of stability testing. 


reaction sites. On the other hand, it has been reported [22] that 
the conductivity of the LSCM material increases with increase 
of oxygen partial pressure. The water generated under anodic 
polarization will increase the oxygen partial pressure, and sub- 
sequently enhance the conductivity of the LSCM anode. Thus, 
the initial performance improvement of the composite anode 
under anodic polarization can be associated with the combined 
effect of the above two factors. 

The morphology of the LSCM/GDC composite anode before 
and after 50h of testing in wet CH4 at 850°C is shown in 
Fig. 8. The anode has a good microstructure of uniform par- 
ticle size of less than 1 um that has high porosity and good 
contact with the electrolyte. As shown in Fig. 8(a and b), no 
obvious microstructure changes and no carbon deposition on the 
LSCM/GDC composite anode after 50h exposure in wet CH4 
are found. This shows that the developed LSCM/GDC composite 
anode possesses electrochemical performance comparable with 
the Ni cermet and can effectively suppress the carbon deposition 
when weakly humidified CH, is used as fuel. 


4. Conclusions 


Lao,.75Sto.25Cro.sMno.503 perovskite powder with fine par- 
ticle size is synthesized through a combined citrate and 
EDTA complexing method. The optimum composition of the 
LSCM-GDC composite anode is 33 wt.% LSCM and 67 wt.% 
GDC. At an output current density of 0.5 Acm~?, the overpo- 
tential of the composite anode in wet Hz and wet CH4 at 850°C 
is 0.073 and 0.248 V (i.e., an anodic resistance of 0.146 and 
0.496 Qcm?), respectively. This shows that the LSCM/GDC 
composite anode is a promising anode for the oxidation of H2 
and CH4. Electrochemical impedance spectroscopy is measured 
as a function of operating temperature and dc bias to understand 
the oxidation pathway of CH4 on the LSCM/GDC composite 
anode. The results indicate that the developed LSCM/GDC com- 
posite anode can effectively suppress carbon deposition when 
using weakly humidified CH4 and possesses an electrochemical 
performance that is comparable with a Ni cermet. 
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